Presented here is a novel technique for the in situ calibration and measurement of friction with the atomic force microscope that can be applied simultaneously with the normal force measurement. The method exploits the fact that the cantilever sits at an angle of about 10°to the horizontal, which causes the tip ͑or probe͒ to slide horizontally over the substrate as a normal force run is performed. This sliding gives rise to an axial friction force ͑in the axial direction of the cantilever͒, which is measured through the difference in the constant compliance slopes of the inward and outward traces. Traditionally, friction is measured through lateral scanning of the substrate, which is time consuming, and requires an ex situ calibration of both the torsional spring constant and the lateral sensitivity of the photodiode detector. The present method requires no calibration other than the normal spring constant and the vertical sensitivity of the detector, which is routinely done in the force analysis. The present protocol can also be applied to preexisting force curves, and, in addition, it provides the means to correct force data for cantilevers with large probes.
I. INTRODUCTION
The atomic force microscope ͑AFM͒, also known as the friction force microscope, has for many years been employed for measuring nanotribology 1 and with the colloidal probe technique 2, 3 it is possible to choose the dimensions of the system 4 and to design experiments to be on the borderline between multi-and single-asperity contact. The AFM has traditionally been employed for lateral friction measurements, in which the cantilever scans the surface at increasing loads while the response in the lateral detector is recorded. The quantification of the results is, however, nontrivial. The calibration methods that have been proposed over the years depend either on an ex situ calibration, [5] [6] [7] [8] or on calculations of material properties. [9] [10] [11] [12] [13] In addition, many AFMs are specifically designed for normal force measurements and have no lateral capacity. Thus, it would be useful to have a technique for obtaining friction from normal force measurements, particularly if the calibration could be performed in situ. Such a method is the focus of this work.
The method exploits the fact that AFM cantilevers sit at an angle of about 10°to the horizontal. This angle causes the probe to slide horizontally over the substrate as a force measurement is performed, and the consequent friction force causes a bend in the cantilever in addition to that due to the normal force. This axial friction was first identified by Hoh et al., 14 and subsequently quantified by Attard et al. 15 In addition, Ruan and Bhushan 16 pointed out that in principle it is possible to measure friction through horizontal scanning in the direction axial to the cantilever, although, as is shown here, it is necessary to account for the bending moment on the cantilever to make the method quantitative. Bending due to friction in a normal force run is barely detectable for an ordinary AFM tip. However, the deflection due to axial friction becomes more pronounced for larger probes. The method proposed here has several advantages. It only requires the bending spring constant of the cantilever that is used in ordinary force measurements, and this is obtained by standard calibration methods. It does not require the twist or torsional spring constant that is problematic to obtain. Also, it does not require calibration of the lateral photodiode response, which again creates problems for lateral friction methods. The only calibration of the photodiode that is required is the usual one in force measurement, namely the slope of the constant compliance lines. In the simplest version of the present technique, these slopes are all that is required to extract the friction coefficient, and so the equations given in the following could be applied retrospectively to preexisting data to extract the friction coefficient with no additional measurement required. The more sophisticated version of the methodology yields explicitly friction as a continuous function of load, but from a single measurement. This obviously improves upon the lateral measurement method, which requires a separate friction loop to be measured at discrete values of the load.
The article is set out as follows. Section II contains the analysis of the force curves giving the axial friction data, as well as correcting the normal force data. The experimental a͒ Author to whom correspondence should be addressed; electronic mail: attard@chem.usyd.edu.au details are presented in Sec. III, and results in Sec. IV. Finally, the article ends with a discussion of the technique and results in Sec. V.
II. ANALYSIS
This section is concerned not only with the measurement of axial friction, but also with the correct method for the quantitative measurement of surface forces. In a conventional AFM measurement, the usual method for converting the measured vertical photodiode voltage to a surface force or load from the measured slope in the constant compliance regime neglects three important contributions which the present analysis takes into account. These are ͑1͒ the angle of the cantilever to the substrate, ͑2͒ the torque due to the force acting on the extended tip or the attached colloid probe, and ͑3͒ the torque due to any friction forces that arise from the sliding of the tip or probe along the surface in the axial direction of the cantilever. These three experimental phenomena are unavoidable during a force measurement and are neglected in the conventional method of analyzing AFM data. We shall show that not only can they make a significant contribution to the surface force, so that it differs from that conventionally reported, but also that accounting for them quantitatively determines the friction force. The advantage of this axial friction measurement is that in one measurement one obtains the friction force as a function of applied load, and that no additional calibration is required beyond the usual cantilever deflection spring constant.
The analysis and model is based upon that given in Refs. 15 and 17. The model ͑see Fig. 1͒ consists of a rigid tip, ͑or colloid probe͒, of length L 2 attached at a point L 1 + L 0 from the fixed base of the cantilever, where L 0 is the length of the flexible part of the cantilever, and L 1 is the length of the rigid base of the tip ͑or the extent of the glue attaching the probe͒. Usually, L 0 ӷ L 2 ӷ L 1 . The cantilever makes an angle 0 Ͻ 0 to the horizontal. The axial deflection of the cantilever ͑mea-sured in nanometers perpendicular to the cantilever͒ is denoted by x and the change in axial angle ͑measured in nanoradians͒ is denoted by ; the actual angle of the tip is 0 + . The vertical position of the tip of the cantilever probe is denoted by z 2 and its horizontal position in the axial direction is denoted by y 2 . ͑The horizontal position perpendicular to the cantilever axis, which is not used here but occurs in lateral friction measurements, may be denoted by x 2 .͒ At large separations where no forces act, all these are zero. The cantilever itself is taken to be a rectangular elastic beam and the equations giving the linear relationship between deflection and angle on the one hand, to force and torque on the other, are taken from the theory of continuum elasticity. 15, 17 This assumes that one remains in the linear regime during the force measurement, which assumption in practice is always fulfilled. It also assumes that the cantilever is uniform and that the effects of any coatings or inhomogeneities on its elasticity may be neglected. It does not assume a value for Young's modulus or Poisson's ratio, but rather subsumes these into the so-called flexibility parameter B that appears in the equations, which is related to the measured cantilever normal spring constant k cal ͑N/m͒ by
where L cal is the effective length of the flexible beam used in the spring constant calibration. If the thermal method 18-21 is used, L cal equals the full length of the cantilever. If the added mass method 22 is used, L cal should be measured from the base to the point where the added masses are attached ͑less L 1 , if the masses are glued͒. Because the cantilever spring constant scales with the cube of the length of the flexible part of the cantilever, which is in the following denoted by L 0 , a small difference between the position of the probe used in the force measurement and the position of the masses used in the spring calibration can lead to a large difference in the effective spring constant. The equations to follow are valid for the actual L 0 used in the force or friction measurement, provided that the flexibility parameter B is obtained from the measured spring constant with the length used for that calibration, as given by Eq. ͑1͒ even if these two lengths differ.
We note in passing that existing forces conventionally analyzed in the literature should be scaled by ͑L cal / L 0 ͒ 3 , which, particularly for the thermal method, can be a substantial correction. The same kind of issue also arises for torsional spring constant calibration 5, 6 where it is important that the torque applied in the calibration is placed at the same position as the probe, otherwise the torsional spring constant should be scaled by the same factor, ͑L cal / L 0 ͒ 3 , with L cal now the flexible length used in the torsion calibration, which includes L 1 .
The experimentally known quantities are the piezoposition z͑t͒-up to an arbitrary constant-and the vertical photodiode voltage ⌬V z , which is taken to be zero in the zero-force, large separation regime. The AFM is based upon the light lever technique, in which the voltage is linearly proportional to the angular deflection of the tip of the cantilever,
The constant ͑nrad/ V͒ is an instrumental calibration parameter that can be determined during the force measurement as described in the following.
The relationship between surface separation h, piezodrive position z, and cantilever vertical position z 2 at time t is 
where z p is a piezo-drive position offset. It is necessary to divide the experimental data into two regimes: contact and noncontact. In the noncontact regime z Ͻ z c , the separation is nonzero and the friction force is assumed to be zero, h 0 and F y = 0. In contact, z Ͼ z c , the separation is zero and the friction is nonzero, h = 0 and F y 0. It is necessary to choose a value for the contact position and to apply different equations to the two regimes. ͓Note that z c should be chosen separately on approach ͑extension͒ and on withdrawal ͑re-traction͒ because if there is an adhesive force present the contact position will be greater on approach than upon withdrawal.͔ For future reference the following quantities are defined:
Finally, it is necessary to distinguish between the surface force F z , which is the force or load acting between the substrate and the tip of the probe in the vertical direction, and the cantilever force F 0 , which acts perpendicular to the cantilever. In the absence of any torque,
and this equation is used in the literature to report forces measured with the AFM. In general, however, the quantity of experimental interest is the surface force, F 0 F z , and Eq. ͑5͒ is inappropriate.
A. Noncontact regime, F y =0
The following equations should be used consecutively in the noncontact regime, z Ͻ z c . ͑They can also be used in contact in those cases when the friction force is negligible.͒ The experimentally known quantities are the piezo-position z͑t͒ and the vertical photodiode voltage ⌬V z ͑t͒ as functions of time t. First the change in cantilever angle ͑t͒ is obtained from Eq. ͑3͒. It is assumed that is known either from a prior calibration or else from the procedure outlined in the following. Then using Eqs. ͑7͒-͑12͒ of Ref. 15 , with F y =0, the deflection of the cantilever is given by
The vertical position of the probe tip is
The separation may be obtained from Eq. ͑3͒. The offset that appears there is chosen to make the separation vanish at the contact position,
where ⌬V zc is the voltage and z 2c is the cantilever position at the piezo-position z c where contact first occurs. For the case of repulsive surface forces of extended range there can be some ambiguity in deciding upon the contact position. This ambiguity can be removed by finding the offset z p directly, which is the position at which the linear extrapolation of the constant compliance line crosses the voltage baseline, and then substituting this into Eq. ͑8͒ to find ⌬V zc and thence z c . The surface force is given by
Although not required, for completeness we give the cantilever force and torque,
It ought to be clear that even in the absence of friction, conventional AFM analyses of the surface force are incorrect. The error arises from the neglect of the fact that the cantilever is inclined to the substrate and of the fact that the force acting on the extended length of the probe creates a torque on the cantilever. Conventionally the surface force is taken as F conv ͑t͒ = k cal x conv ͑t͒, where the deflection is conventionally taken as x conv ͑t͒ = ␣⌬V z ͑t͒ , ␣͑nm/ V͒ being the measured slope of the constant compliance line in contact. As was shown in Ref. 15 , this slope is strongly dependent on the friction coefficient. However even in the absence of friction in contact, this is not the correct deflection. The constant compliance factor ͑no friction͒ is given by ͓cf. Eqs. ͑13͒ and ͑15͒ of Ref. 15͒,
Hence the ratio of the conventional deflection to the actual deflection is
The ratio of the noncontact surface force deduced from the conventional analysis to the actual noncontact surface force is given by
. ͑The correction factor of cos 2 0 , which arises from the tilt of the cantilever, was originally derived by Attard et al., 15 and was later rederived by others. 23, 24 ͒ The error made by the conventional analysis depends upon the dimensions of the cantilever and probe. For a cantilever that we have used
=11 m, and L 2 =36 m͒, the conventional analysis would have been in error by 3% for the deflection and 6% for the force, if there had been no friction in contact, and if L 0 = L cal . In fact, in our case L cal = 112 m, and the conventional force would be a factor of 2 too small, ͑i.e., 100% error͒. We now give the results for the case of contact friction.
B. Contact regime, F y Å 0, h =0
The following equations should be evaluated consecutively in the contact regime, z Ͼ z c . ͓Again these equations follow by inverting Eqs. ͑7͒-͑12͒ of Ref. 15 .͔ The deflection Axial friction measurement with the AFM Rev. Sci. Instrum. 76, 083710 ͑2005͒
angle is still given by Eq. ͑2͒, ͑t͒ = ⌬V z ͑t͒. The deflection is obtained from Eqs. ͑3͒ and ͑7͒ with h͑t͒ =0,
The horizontal position of the probe tip on the substrate is
This equation can be used to obtain the axial velocity of the probe during contact. This enables friction to be measured as a function of load and speed. An analytic expression for the ratio of the axial velocity to the piezo-drive velocity can be obtained in contact in the absence of friction. The result is
Although this ignores friction, it is actually quite a good approximation in practice because F y contributes negligibly to F 0 , and while it does contribute to the torque , this is scaled by a factor of L 2 / L 0 in the contribution to x and to . The force and torque on the cantilever are given by
The surface force is
and the friction force is
It is the surface force F z and not the cantilever force F 0 that is the load impressed upon the substrate by the probe. The ratio of the friction force to the load is called the friction coefficient, = ͉F y / F z ͉. A feature of the present measurement protocol is that the friction force is obtained as a continuous function of the load, F y ͑F z ͒, and hence one does not need to assume a linear relation between friction and load.
C. Determination of and
The friction coefficient can be determined directly by measuring the slopes of the voltage versus piezo-distance curves in the constant compliance regime, without having to carry out a full force analysis. Let ␣ ± ͑nm/ V͒ be the measured slope of the constant compliance lines, where the plus subscript refers to loading ͑piezo-extension, approach͒ and the minus subscript refers to unloading ͑piezo-retraction, withdrawal͒. These two slopes differ due to the fact that the friction force changes sign on the two branches, and the hysteresis can be used to determine the friction coefficient. One assumes that friction force is proportional to load and that the friction coefficient F y = F z , with the minus sign on unloading because the direction of motion is reversed. ͑If such a proportionality does not hold, this will show up as curvature in the constant compliance lines, and one needs the full analysis.͒ From the above-noted analysis and Eqs. ͑18͒ and ͑19͒ of Ref. 15 , one may show that the slopes are given by
where i ϵ c cos 0 + ad,
with the other parameters defined earlier.
Defining
this may be solved for the friction coefficient,
The calibration factor ͑nrad/ V͒ is given in terms of the friction coefficient and the slopes as
The actual calibration factor is an instrumental parameter that depends upon the geometrical placement of the cantilever in the AFM, the positioning of the photodiode, the positioning of the laser beam on the back of the cantilever, and the strength of the laser and the sensitivity of the photodiode ͑which can change with time and operation͒. Hence it is best to measure this factor in situ at the same time as the friction measurement, and this is one advantage that the present method has over the lateral friction measurements. Provided that one can identify approximate constant compliance regions, one can use the above-noted method as a first estimate of , even if the friction is not strictly proportional to load. One can then manually refine the value of to ensure that the friction on the unloading branch is equal and opposite that on the loading branch at the same load.
The present method is based upon the fact that the hysteresis in the plot of load ͑or photodiode voltage͒ versus actual piezo-position in the contact region is due to friction. In general the piezo-drive itself is a hysteretic function of applied voltage, and whilst the method works for such hysteric piezo-drives provided that the actual piezodisplacement is measured, it is essential that such a measurement be performed each time; one should not simply assume that the actual piezo-position is a linear function of time or of applied voltage. Instead one should use the actual piezoexpansion measured with a position sensitive detector, either built in to the AFM ͑as done in the results reported in the following͒, or else as an added attachment ͑as has been done previously 25, 26 ͒. Similarly, the method cannot be used for viscoelastic materials where the hysteresis is due to material relaxation rather than to friction. 26 
III. EXPERIMENT
The atomic force microscope employed in this work is a Nanoscope III AFM ͑Veeco͒, extended with a pico force unit. The pico force unit measures the position of the piezo, giving independent information of the movement of the surface, which makes the pico force AFM very suitable for measurements of normal forces and axial friction.
Normal force measurements were performed using the colloidal probe technique by Ducker et al. 2, 3 The cantilevers used were uncoated, tipless, rectangular silicon cantilevers ͑MicroMasch, Tallinn, Estonia͒, with silica beads ͑Duke Scientific Corporation, USA͒, attached in-house with Casco Araldite Rapid epoxy adhesive. The cantilevers were calibrated using the method of Cleveland et al., 22 and the dimensions of the cantilevers and colloidal probes were measured in an environmental sweep electron microscope. Two cantilevers with silica spheres of different size were compared. The cantilever with the large sphere ͑R =18 m͒ had the following properties:
and L 2 =16 m. The force and friction measurements were performed on mica. All measurements were performed in 0.1mM NaCl in Milli-Q water.
The data from the force measurements were analyzed according to Sec. II, which, in addition to surface forces, also provides the axial friction. For comparison, lateral friction was also measured in connection to, and for the same setups, as for the force measurements. The lateral scan size was 2 m and the scan rate was 0.5 Hz for all measurements, and friction was measured as a function of increasing and decreasing loads. Prior to the experiments, the cantilevers were calibrated laterally using a combination of the methods by Bogdanovic et al. 5 and Feiler et al. 6 In this method an upside-down cantilever, with tip, is used to twist the cantilever, giving rise to a lateral deflection signal in the detector. 5 The relation between the vertical and the lateral deflections is then used to quantify the frictional response in the lateral friction measurements. 6 Immediately before use, the cantilevers were thoroughly rinsed with water and ethanol, dried under a flow of nitrogen, and cleaned with oxygen plasma ͑PDG-32G Plasma Cleaner, Harrick Scientific Corp., USA͒ on medium setting for 30 s. Figure 2 shows the raw data from three AFM experiments: with a large probe ͑a͒, with a smaller probe ͑b͒, and without probe ͑c͒. The horizontal lines to the left in Fig. 2 are the out of contact case. Here the cantilever is undeflected at its resting position as no forces are acting on the probe. The lines of constant slope to the right in Fig. 2 are where the mica surface and the silica probe are in contact, and the cantilever deflects as the piezo is expanded. This part of the curve is known as hard wall contact or the constant compliance line, the slope of which is denoted ␣ −1 and routinely used for calibration of the normal forces. However, for ͑a͒ and ͑b͒ it is clearly seen that the loading ͑solid lines͒ and the unloading ͑dashed lines͒ branches have different slopes, and that the difference increases with increasing probe size. This difference is the result of the torque due to the friction force acting on the probe changing sign on the two branches due to the change in sliding direction. At a given piezo-position, this causes a different bend on the cantilever and hence a different voltage signal from the photodiode. The different slopes are a manifestation of axial friction. Note that in Fig.  2 and below, the unloading trace is in some cases shifted horizontally by a constant amount with respect to the loading trace to ensure that at zero load the two traces coincide. This procedure is necessary to correct for an apparent inductive lag in the piezo-position detector. This procedure has no effect on the slopes and the friction coefficient is unchanged by it, but it does ensure that there is no hysteresis and hence no friction at zero load.
IV. RESULTS
However, the effect of axial friction on the constant compliance slopes is usually ignored in ordinary force measurements. It can be seen in Fig. 2 that the larger the probe, the greater is the effect of friction on the slope of the constant compliance line. Since this slope is used to calibrate the photodiode voltage and to quantify the measured force, neglecting the effects of friction in the contact regime will lead to errors in calculating the force in the noncontact regime. This problem with conventional measurements is particularly pronounced for large probes.
The reason that the effect of friction increases with probe diameter ͑Fig. 2͒ is simply due to the fact that the torque on the cantilever is larger due to the greater leverage. It is essential that such geometrical effects be fully taken into account in analyzing AFM data. An important example of this is in the placement of the probe, as discussed in connection with Eq. ͑1͒.
One extreme case of axial friction is when the probe is pinned on the substrate. When a probe is pinned on the surface, due for example to localized adhesion or to topographic 
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features, it stops moving in the horizontal ͑y͒ direction. Figure 3 shows the dramatic effect of such an event: the rate of change of the detector signal turns negative as the piezo is expanded. ͑In the usual, unpinned, case, the photodiode voltage increases with increasing piezo-expansion.͒ This response to cantilever pinning has been predicted previously, 15 but as far as we are aware, this is the first reported measurement of the effect. In the case of Fig. 3 , the pinning was caused by capillary adhesion in the humid atmosphere. Pinning can lead to cantilever destruction if "trigger mode" is employed: when the change in detector response turns negative, the trigger value cannot be reached, and the controller will expand the piezo-drive endlessly. Such a pinning may also happen in a lateral friction measurement, in which case the detector signal will decrease as the applied load is increased and the feedback loop will force the piezo-drive to extend to its maximum position. The horizontal sliding in a nonpinning system, which is illustrated in Fig. 4 , is significant and increases with increasing probe size. The data in Fig. 4 were obtained using the analysis in Sec. II B, specifically Eq. ͑15͒. The analytic approximation ͑16͒ is also useful to estimate the amount of horizontal motion and also the horizontal velocity of the probe on the substrate. Until now it has not been fully appreciated just how much axial sliding of the cantilever on the substrate occurred during a normal force measurement. Figure 4 shows that the horizontal motion can be of the order of 50%-100% of the vertical motion of the piezo-drive in contact.
The raw data were analyzed according to Sec. II, and the frictional data were extracted from the normal force run. The surface force and the friction force in the contact regime are given in Eqs. ͑18͒ and ͑19͒. Figure 5 shows the friction versus load data for the two probes. The solid line shows the friction force during loading ͑inward trace͒, and the dashed line shows the unloading ͑outward͒ trace. The friction reaches its maximum value just before the piezo changes direction, which causes the probe to roll, and on unloading the friction becomes negative due to the change in direction of the probe on the substrate. ͑Of course the friction force is a vector and as such it has a sign. Conventionally, however, only the magnitude of the friction force is reported.͒ The nature of the friction and its dependence upon load during the rolling of the probe following the change in piezodirection is obviously qualitatively different to the friction that occurs during the steady sliding of the probe along the substrate. It is only from the latter that friction coefficients are extracted. The negative load refers to the adhesive part of the force data. In this regime the cantilever is on the edge of instability prior to the jump out of contact, and the apparent change in slope of the friction curve at the extremity of the unloading branch may not be significant. Note that the larger loads used in Fig. 5͑a͒ compared to Fig. 5͑b͒ are due to the fact that the effective spring constant is larger for the larger probe. ͑The same set point voltage was used to terminate the piezo-expansion in both cases.͒ Following the discussion of Eq. ͑1͒, in the case of the larger probe the effective spring constant is k eff = k 0 ͑L cal / L 0 ͒ 3 = 0.5͑112/ 90͒ 3 = 0.96 N / m, whereas for the smaller probe it is k eff = 0.4͑118/ 113͒ 3 = 0.46 N / m. The greater difference between L 0 and L cal for the larger probe than for the smaller probe is due to the larger value of L 1 , which is approximately equal to the radius of the probe, and to the fact that the weights used for the calibration were placed closer to the end of the cantilever than was the probe used for the measurements. The fact that the effective spring constant can change by almost a factor of 2 shows the importance of accounting for the positions of the calibration weights and the force measuring probe in the analysis of AFM data. An additional contribution to the difference between the maximum force exerted in the two parts of Fig. 5 is that the greater torque exerted by the larger probe for the same friction force partially cancels the bending of the can- tilever due to the surface force, and hence the piezo-drive has to be expanded further for the larger probe to reach the same trigger point voltage.
The friction coefficients for the loading and unloading traces are taken from the line of best fit to the friction versus load data on the linear portion of the branches in Fig. 5 . Having equal and opposite friction coefficients for the loading and unloading traces gives an internal check of the cantilever parameters. Equation ͑23͒, which gives the friction coefficient directly, is valid when the friction force is linearly proportional to the applied load. It is an additional check on the procedures that this should agree with the coefficients extracted from the lines of best fit. However, there may be a small difference between the three estimates of the friction coefficient because each implicitly uses the average of different functions ͑an average of a function is not equal to the function of the average͒.
The friction coefficients obtained independently for the two probes with different radii and hence different contact areas are in agreement with each other. This is an extremely significant experimental result. One's a priori expectation is that the friction coefficient ͑and therefore the friction versus load curve͒ ought be a material property and independent of the size or radius of the bodies or their nominal contact area.
Comparison of Fig. 5͑b͒ with Fig. 5͑a͒ confirms that this is so. This provides strong justification for the present friction measurement protocol in particular, and for nanotribological measurements in general. On the basis of these results one concludes that it is valid to extrapolate such submicroscopic measurements to macroscopic bodies. Another noticeable feature of Fig. 5 is that the frictional data for the smaller probe shows more noise. The actual magnitude of the noise is similar for the two probes, but it makes a larger relative contribution in Fig. 5͑b͒ because the applied load and hence the friction force is about three times smaller in Fig. 5͑b͒ than in Fig. 5͑a͒ . It is also possible that because of the larger torque, the signal to noise ratio will be smaller for a larger probe than for a smaller one for the same applied load, at least for some sources of noise. The axial friction method is also sensitive to physical roughness of the substrate and the probe, whereas the lateral method is insensitive to them. In addition, stick-slip motion is an inevitable feature of any sliding measurement in contact and most probably contributes to the noise in both methods.
However, the noise in the friction measurements can be reduced by smoothing and averaging. This is shown in Fig.  6 , where the bold dashed line represents the smoothed friction force obtained by applying a running average over of 20 successive data points to a single loading measurement. It is clear that this smoothing process significantly reduces the noise level and that it does not change the friction coefficient of the measurement. In addition, the smoothed frictional data can be averaged over several force runs by discretizing the data ͑solid lines in Fig. 6 , using 5 nN bins͒, as is usually done in the analysis of lateral friction loops.
Lateral friction loops for the large probe are shown in Fig. 7 . In the lateral friction measurement the friction is measured over a distance of 2 m. The vertical sides of the loop are due to the probe rolling as the substrate reverses direction. It can be seen that the individual friction loops are rather noisy, due no doubt to stick-slip motion. This noise is averaged out over the flat part of the measurement, and the frictional force for any one loop is taken to be half of the average voltage difference between the top and bottom of the loop. In addition, 20 friction loops are taken at each load, and the friction force for that load is the average of the average friction force of each loop. This multiple averaging procedure in the lateral method results in relatively smooth data. However the friction versus load curve is relatively coarsely discretized because data are only collected from friction loops at a small number of different loads. The smoothing procedure in the axial method is slightly different because the averaging applied along a single branch is a running average at increasing loads, whereas in the lateral method it is at a fixed load. The subsequent averaging across data sets is similar in both the lateral and axial methods, although the consequent digitization in the axial method can 
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Axial friction measurement with the AFM Rev. Sci. Instrum. 76, 083710 ͑2005͒ be made arbitrarily small, whereas in the lateral method it is restricted to the dozen or so loads at which measurements have been made. Figure 8 compares the lateral and the axial methods. The lateral measurements were performed immediately after each of the respective sets of axial measurements, in the same cell, and with the same AFM setup, at a speed of 2 m s −1 . ͑The fact that the lateral method appears smoother than the axial method is due in part to the greater number of traces used in the averaging-20 loops versus 5 loading curves͒. It may be seen that there is excellent agreement between the lateral and the axial methods. Even the slight curvature at low loads, typical for friction of single asperity contact, is reproduced. The friction coefficient in all four cases ͑axial and lateral, small and large sphere, plus two axial unloading shown in Fig. 5͒ , are in quantitative agreement. This agreement between the two probes justifies the convention that the friction versus load data are not normalized by the radius of the probe ͓as was also discussed in reference to Fig. 5͑b͔͒ .
The friction coefficient ͑i.e., the slope͒ for the data in Fig. 8 is the same for the small and the large sphere, as expected. However, there is a constant offset between the two curves that is related to the adhesion. A modified form of Amontons' law reads, 28, 29 
where A is the absolute value of the adhesion or pull-off force. The lines of best fit in Fig. 8 
V. DISCUSSION
The axial sliding along the surface and the slight difference in the slopes of the loading and the unloading constant compliance lines is ordinarily ignored in force measurements. However, here it is here shown that this difference actually contains all the information required to obtain the relationship between friction and load. We have here tested this axial friction measurement method and have shown that the results agree excellently with the lateral method that is generally used.
The present method resulted from an extensive theoretical analysis of the behavior of the AFM cantilever during force measurement with an attached probe. Besides friction, we also found new effects for surface force measurement. Problems with conventional data analysis arise from the neglect of the torque on the probe due to both friction and the surface force, and from neglecting the fact that the cantilever is inclined at an angle to the substrate. Problems also arise from neglecting the difference in the free length of the cantilever used for the determination of the normal spring constant and that used for placement of the colloid probe used in the force measurement. The present analysis provides a method to correct force data obtained with large probes, and thus it widely expands the range of possible probe sizes for AFM force measurements.
The new axial friction method proposed here has several advantages over the lateral method. Friction data are obtained during the normal force measurement and the friction coefficient is obtained directly from the slopes of the constant compliance lines of the inward and outward traces of the force run. Hence, no specific friction measurement is required, but the equations given here could be applied retrospectively to already acquired data to extract the friction coefficient with no additional measurement.
In addition this axial method does not require the twist or torsional spring constant that is problematic to obtain. It only requires the bending spring constant of the cantilever that is used in ordinary force measurements, and this is obtained by standard calibration methods. Also, it does not require calibration of the lateral photodiode response, which again creates problems for lateral friction methods. The only calibration of the photodiode that is required is the usual one in force measurement, namely the slope of the constant compliance lines. The lateral method requires ex situ calibration ͑i.e., the calibration is performed in a separate measurement to the friction measurement, and the force measuring cell and cantilever holder are disassembled and reassembled, and the laser is realigned between calibration and friction measurement͒, and this is a significant concern with that method. The fact that the present lateral results agree with those obtained here with the new axial method, which as an in situ method avoids these problems, shows that with care these concerns can be overcome. Nevertheless in principle the axial method is more robust than the lateral method, it requires fewer calibration and checking steps, and it is faster to perform and yields more data points. These advantages probably outweigh the possible disadvantages of the axial method, which include that it is likely more sensitive to surface roughness than the lateral method, that it requires well-defined contact and noncontact force regimes, and that it requires accurate values for the actual piezo-drive position. While there will always be a role for lateral calibration techniques in the AFM, ͑e.g., friction force imaging͒, the advantages of the present axial method offer a viable alternative for the quantitative measurement of friction.
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